A MCNP6 dosimetry model is presented for the Clinical Neutron Therapy System (CNTS) at the University of Washington. In the CNTS, fast neutrons are generated by a 50.5 MeV proton beam incident on a 10.5 mm thick Be target. The production, scattering and absorption of neutrons, photons, and other particles are explicitly tracked throughout the key components of the CNTS, including the target, primary collimator, flattening filter, monitor unit ionization chamber, and multi-leaf collimator. Simulations of the open field tissue maximum ratio (TMR), percentage depth dose profiles, and lateral dose profiles in a 40 cm × 40 cm × 40 cm water phantom are in good agreement with ionization chamber measurements. For a nominal 10 × 10 field, the measured and calculated TMR values for depths of 1.5 cm, 5 cm, 10 cm, and 20 cm (compared to the dose at 1.7 cm) are within 0.22%, 2.23%, 4.30%, and 6.27%, respectively. For the three field sizes studied, 2.8 cm × 2.8 cm, 10.4 cm × 10.3 cm, and 28.8 cm × 28.8 cm, a gamma test comparing the measured and simulated percent depth dose curves have pass rates of 96.4%, 100.0%, and 78.6% (depth from 1.5 to 15 cm), respectively, using a 3% or 3 mm agreement criterion. At a representative depth of 10 cm, simulated lateral dose profiles have in-field (⩾10% of central axis dose) pass rates of 89.7% (2.8 cm × 2.8 cm), 89.6% (10.4 cm × 10.3 cm), and 100.0% (28.8 cm × 28.8 cm) using a 3% and 3 mm criterion. The MCNP6 model of the CNTS meets the minimum requirements for use as a quality assurance tool for treatment planning and provides useful insights and information to aid in the advancement of fast neutron therapy.
Introduction
The Clinical Neutron Therapy System (CNTS) at the University of Washington (UW) is one of only two fast neutron treatment facilities in the world that are still treating patients. Fast neutrons produce high linear energy transfer (LET) secondary charged particles (mostly protons) with a much greater relative biological effectiveness (RBE) than conventional megavoltage (MV) photon therapy. Fast neutron therapy is therefore potentially advantageous in the treatment of tumors with high levels of hypoxia and in the treatment of tumors resistant to low LET radiations, such as sarcomas and glioblastoma multiforme (GBM). In the small number of clinical trials performed to date, clinical outcomes from MV photon therapy and fast neutron therapy were comparable, except for improved local control for the treatment of salivary gland malignancies (Masunaga et al 1994) and high-risk soft tissue sarcomas using fast neutrons (Laramore and Griffen 1995, Schwartz et al 2001) . Fast neutron therapy also provided superior clinical outcomes for locally advanced prostate cancer in early clinical trials (Russell et al 1994) . However, clinical trials of fast neutron treatments for GBM and squamous cell carcinoma of the head and neck did not improve tumor control or patient survival compared to other modalities (MacDougall et al 1991, Diaz and Choi 2013) . Rapid advances in the delivery of MV x-ray treatments, including advanced forms of image-guidance and intensity modulated radiation therapy (IMRT), coupled with the only-moderate success of early clinical trials with fast neutrons has dampened enthusiasm for the construction of additional fast neutron facilities and for the associated commercial development of neutron-specific treatment planning software to aid in patient therapy.
At the UW, neutron therapy patient treatment plans are built using an in-house developed software called Prism (Kalet et al 1996) or an adaptation of the commercially available Pinnacle 3 software (Philips Healthcare, Andover, MA). The MV photon models in Pinnacle were commissioned using measured neutron beam profiles and output factors (Kalet et al 2013) . Although Prism and Pinnacle 3 are adequate for planning simple three-dimensional (3D) conformal neutron therapy treatments, there is a need for additional quality assurance (QA) and planning tools to examine the effects of tissue density and composition in patient plans and to aid in the implementation of advanced treatment techniques, such as intensity modulated neutron therapy (IMNT) . The Monte Carlo model of the CNTS can also enable the rapid design and prototyping of new and refined components for the treatment head (e.g. improved wedge design and flattening filters) and provide the physical and dosimetric information necessary to determine the relative biological effectiveness (RBE) of neutrons relative to MV x-rays. In this work, we develop a Monte Carlo model of the CNTS based on the Monte Carlo N-Particle version 6.1.1 64-bit (MCNP6) code (Goorley et al 2012) maintained by the Los Alamos National Laboratory (LANL). Initial benchmarks of the model against measured beam profiles (Risler and Popescu 2010) are reported and assessed in terms of clinical standards recommended by the American Association of Physicists in Medicine (Doppke et al 1998) . Characteristics of the CNTS beam line, such as the neutron, photon, and charged particle energy spectrum, are also presented. The presented MCNP6 model of the CNTS enables the determination of the complete particle phase space at every point in the irradiated volume and so allows detailed investigations of the RBE of fast neutrons relative to low LET radiations (Stewart et al 2015) and the energy response characteristics of radiation dosimetry systems and ionization chambers. A fully benchmarked MCNP6 model of the CNTS will improve the accuracy of retrospective studies of the effects of tissue heterogeneities in conformal neutron therapy as well as novel cancer therapies, including boron enhanced neutron therapy (BECT) and IMNT.
Methods
The MCNP6 model of the CNTS developed here is a simulation of the production and transport of the most relevant primary and secondary neutral and charged particles (i.e. neutrons, photons, electrons, protons, and alpha particles) in the treatment head. To improve the overall computationally efficiency of the model, the CNTS model has been divided into an initial simulation of 50.5 MeV protons incident on a Be target (stage 1 model, top left-hand panel of figure 1 ). The neutrons and photons created in the stage 1 simulation are recorded on a plane (phase space file (e.g. MCNP write surface source (WSSA, A is a file name designator) file) positioned just beneath the copper housing. The phase space file stores the particle type (e.g. photon or neutron), energy, (x, y, z) position coordinates, time, weight, and direction of flight of the particle passing through the plane. Simulations of neutron and photon production in the CNTS treatment head are computationally expensive (requiring several weeks of CPU time on a fast multi-core workstation) in part because of the need for a detailed physics treatment of protons in the Be target (D in figure 1 ) and the phosphor bronze end cap (C in figure 1), and in part because of the relatively small proportion of photons and neutrons that pass through the primary collimator and flattening filters (I, J, K, and L in the right-hand panel of figure 1 ). The use of a stage 1 phase space file to capture the energy and angular fluence of photons and neutrons below the base of the target housing eliminates the need for redundant, very time-consuming particle transport simulations through a part of the CNTS treatment head that does not have any moving parts.
In the stage 2 CNTS model (figure 1 bottom left and right-hand panels), the photons and neutrons are sampled from the stage 1 phase space file and transported through the primary collimator, flattening filter(s), the monitor unit (MU) ionization chamber, and a multi-leaf collimator (MLC). The MLC has 40 moveable leaves for beam shaping to the contours of a tumor target. In this work, the stage 2 simulation of the CNTS also includes a 40 cm × 40 cm × 40 cm water phantom centered along the central axis of the neutron beam at a specified source to surface distance (SSD). The CNTS treatment head is mounted on a gantry with a full 360° of rotation about an isocenter located 150 cm away from the effective point of neutron and photon creation in the Be target. The scattering and absorption of photons and neutrons in the floors and walls of the treatment vault are neglected in the current MCNP6 model of the CNTS. Additional details of the MCNP6 model of the CNTS are summarized in sections 2.1 and 2.2.
Neutrons at both stages are transported to the lowest allowed cutoff energy in MCNP (10 −13 MeV), and the photons are transported down to a cutoff energy of 1 keV. Some modest improvements in the computational speed of the stage 2 model are possible with larger neutron and photon cutoff energies (e.g. ~10% to 25% for neutron cutoff energies in the 0.1 to 1 MeV range, respectively). Differences in percent depth KERMA (PDK) along the central axis of the field are negligible for neutron cutoff energies below about 1 MeV (data not shown), but the use of higher neutron cutoff energies limits the usefulness of the model for applications such as BECT and for the determination of neutron RBE. The transport of secondary charged particles has a much more significant impact on the computational requirements of the model than neutron and photon transport. Proton, electron, and alpha transport has been optimized with energy cutoffs and with population control techniques on a per cell basis at stages 1 and 2 as outlined in sections 2.1 and 2.2. from a disk 1 cm in diameter located 5.15 cm above the Be target. The protons sampled from the disk source are spatially evenly distributed. The modeled proton beam is mono-directional and mono-energetic (50.5 MeV). The Be target is a cylinder 10.5 mm thick with a radius of 0.635 cm (volume of 1.33 cm 3 ). The Cu housing contains ports for water cooling the target when the proton beam is on. The space above the Be target is modeled as a pure vacuum. Fast neutrons are primarily generated through ( p, n) and ( p, n + p) reactions in the Be target, while a small portion are created through ( p, 2n), ( p, 3n) , and ( p, n + α) reactions. In MCNP these reactions are not modeled explicitly but a proton cross section that represents the total neutron production is used. The protons are transported down to 1 MeV in the Be target and Cu housing, which is well below the 2 MeV threshold for ( p, n) reactions in Be (>2 MeV for ( p, n) reactions in Cu). The transport of protons entering the other parts of the stage 1 simulation is immediately terminated to improve the computational efficiency of the model. The protons have an average energy of 28.6 MeV in the last 1.05 mm (1/10th the target thickness) of the beryllium target before the protons pass into the copper. The proton fluence in the last 1.05 mm is 94% of the fluence in the first 1.05 mm of the target (average proton energy in the top layer is 50.4 MeV). This proton fluence decreases to near zero after passing through ~2 mm of Cu housing. When the proton transport in the Cu housing is turned off, the neutron fluence just below the target housing decreases by 15%. The majority of the neutrons created in the Cu housing have energies below 10 MeV, which, due to their shorter mean-free-path (MFP), substantially increases the dose at shallow depths in the water phantom compared to larger depths. The inclusion of the lower energy neutrons generated in the Cu housing has a significant impact (~10% or more) on the benchmarks of percent depth dose (PDD) profiles and tissue maximum ratio (TMR) values.
The Surface Source Write (SSW) and Surface Source Read (SSR) features of MCNP6 allow for the efficient separation of the overall CNTS simulation into independent stage 1 and 2 simulations. To construct the stage 1 phase space file, also called a WSSA file in MCNP terminology, the neutrons and photons passing through a circular surface 1.70 cm in diameter located 0.925 cm below the center of the Be target and 10 −7 cm below the bottom of the Cu housing are recorded. Only those photons and neutrons passing through the phase space plane with a direction of flight towards the gantry isocenter (150 cm below the top of the Be target) are recorded. A phase space file constructed in this way neglects neutrons and photons that scatter off of the primary collimator (figure 1, right-hand panel), or other components of stage 2 treatment head, back into the target assembly (figure 1, upper left-hand panel) before passing through the plane used to record particles in the phase space file. However, comparisons of simulated depth-dose and lateral profiles in the water phantom indicate backscattering from the stage 2 simulation into the stage 1 model has a negligible impact on the characteristics of the beam passing through the MLC (data not shown). For similar reasons, secondary electron transport and the subsequent production of secondary x-rays can be reasonably neglected in the stage 1 simulations. Bremsstrahlung photons are still generated by MCNP even when electron transport is turned off, which gives a more accurate representation of the photon fluence through the CNTS model without the need for electron transport.
All of the results reported in this work are based on a stage 1 simulation in which we simulated 2.15 × 10 11 protons incident on the Be target, which results in the joint distribution of 4.61 × 10 9 (unique) neutrons or photons recorded in the WSSA file (66.5% of the fluence from neutrons and 33.5% from photons), i.e. 1.43 neutrons and 0.72 photons are produced that make it to the WSSA plane per 100 protons incident on the Be target. The total neutrons generated per 100 protons incident on the Be target are 5.66, which means that only 25% (1.43/5.66) of the neutrons travel in a direction towards the isocenter and are recorded to the WSSA plane in stage 1. For comparison, (Bohm et al 1999) reported a neutron production of about 7 neutrons per 100 incident protons from LAHET simulations of the neutron sources at the National Accelerator Centre (66 MeV protons incident on 19.6 mm thick Be target) and the Fermi National Accelerator Laboratory (66 MeV protons incident on 22.1 mm thick Be target). Running in parallel on 28 cores (on two Intel ® Xeon ® CPU E5-2660 @ 2.20 GHz, 64 GB RAM), a total of 2.85 × 10 6 proton histories per CPU-h per core were run. After 50 × 10 9 stage 1 histories, the WSSA has a size of 87 GB. Multiple WSSA files, generated across multiple servers each with different random number seeds, were created to arrive at the total of 2.15 × 10 11 histories. The total runtime is on the order of about 100 d of CPU time, spread across 5 servers. Stage 2 input files are run for each of these WSSA files and the results are then merged together.
Of note for stage 1 simulations, a mistake in the ACE format of the beryllium cross section libraries included with the normal distribution of MCNP 6.1.1 causes the run to terminate due to ENDF law 4/44 in the code being violated when photons are transported. Dr Albert Kahler from Los Alamos National Laboratory provided a cross section library for beryllium that was correctly converted from the ENDF library to the ACE format required for MCNP. This library allows for the generation of photons without the code terminating (personal communication, Kahler 2012)
Stage 2 model of the primary collimator, flattening filter, and MLC
Figure 1 (lower left and right-hand panels) shows a larger-scale diagram of the stage 2 model. Figure 2 shows a zoomed-in image on the MU ionization chamber and titanium mirror used to project the field size and the SSD onto surfaces below the MLC (e.g. patient or water phantom). Table 2 In the stage 2 simulation, photons and neutrons are sampled from the stage 1 WSSA file (plane located 0.925 cm below the center of the Be target and 0.1 cm above the top surface of the primary collimator) and then transported through the other components of the CNTS treatment head, including the primary collimator, flattening filters, MU chamber, and MLC. To improve the tally statistics in the stage 2 simulation, we cycle through the total number of photons and neutrons saved in the stage 1 WSSA file eight times (8 × 4.61 × 10 9 = 3.69 × 10 10 ). Eight times was selected as the number recorded because it helped improve the statistics while keeping the run time at a reasonable limit. Because each of the sampled source particles has a different initial random number seed, the subsequent interaction history of the particle as it passes through the treatment head and into the water phantom is unique for each cycle through the stage 1 phase space file, thereby improving the statistics without redundancies.
The stage 2 model has two field-specific adjustable components: The flattening filter (either small or large) and the MLC (40 individually movable leaves). Each MLC leaf is composed of iron with cylindrical polyethylene inserts, as illustrated in figure 1 (right-hand panel). The leaf bank of the MLC rotates open in the y-direction (as shown in figure 1, right-hand panel) and stack in the x-direction. Each leaf is slightly thicker at the top (part closer to flattening filters) than at the bottom and is angled slightly outwards in the x-direction to enable the creation of symmetric square fields in the x-and y-directions. Irregular, symmetric, and asymmetric field shapes can also be created by adjusting the position of the individual leaves. The largest possible field size at 150 cm SSD is 28.8 cm × 32.2 cm. To properly model the various MLC configurations and the corresponding flattening filters in the stage 2 simulation, we developed a Python ® script and a graphical user-interface (GUI) using the Tkinter library included in the default Python ® installation. The script automates the selection of the appropriate filter and adjusts the position of the leaves to user-input positions and then writes the MCNP6 input file, thereby removing the need to hand calculate the thousands of surfaces.
The surface of the 40 cm × 40 cm × 40 cm water phantom (used to simulate PDD, percentage depth KERMA (PDK) and lateral profiles in stage 2) is located at the specified SSD (gantry isocenter is 150 cm from top surface of the Be target). For lateral profiles and TMR calculations, electrons, protons, and alpha particles are transported down to a cutoff energy of 1 keV in the air between the MLC and water phantom. Electrons, protons, and alpha particles are also transported down to 1 keV in the 40 cm × 40 cm × 40 cm water phantom. While tabulated cross sections are used for neutrons, photons, electrons, and protons in MCNP6, physics models including Coulomb scattering and nuclear interactions are used for alpha particle transport. To simulate lateral dose profiles, we set up 201 rectangular tally regions perpendicular to the central axis of the beam (parallel to the x-z or y-z planes). Each tally region is 1 cm × 1 cm (x-z or y-z direction) and 0.2 cm thick (in the y or x direction). The lateral profiles for five different depths are recorded in each MCNP6 simulation (depths of 1.7, 5, 10, 15, 20 cm). The profiles were recorded using the +F6 and F6:n,p tallies. The +F6 tally is the total absorbed dose from all particles, and the F6:n and F6:p tallies record the neutron and photon KERMA, respectively. Depth-dose and lateral profiles based on the +F6 tallies explicitly account for secondary charged particle transport within the region of interest, whereas the depth-KERMA and lateral profiles based on the F6:n,p tally are for total photon + neutron KERMA. We also recorded the neutron and photon fluence (F2:n and F2:p tallies) at depths of 1.7 cm, 5.0 cm, 10.0 cm, 20.0 cm, and 35.0 cm.
For the PDK and PDD simulations, we set up 400 rectangular tally regions 1 cm × 1 cm and 0.1 cm thick along the central (z-axis) of the beam. For the PDD simulations, electrons, protons, and alpha particles are only transported to a 1 keV cutoff energy inside a 10 cm × 10 cm region centered on the z-axis from the top to the bottom of the water phantom. Electrons, protons, and alpha particles are not transported outside of this 10 cm × 10 cm region. This substantially reduces the CPU time required for PDD simulations with a negligible (<0.1% impact) on the depth-dose profile. It is worth noting that recoil protons from (n, p) reactions may have a continuous slowing down approximation (CSDA) range up to 2.23 cm (range of a 50 MeV proton), and the buildup of the dose for depths less than about 1.7 cm (depth of maximum dose for a 10 × 10 field, 148.3 cm SSD) is largely due to increases in the knock-on protons with a depth up to 1.7 cm. In the buildup region of the depth-dose curve, there is a net flow of protons to greater depths. Once the depth of maximum dose has been reached, the net flow of protons from smaller to larger depths becomes small (~charged particle equilibrium). Beyond the depth of maximum dose, the protons are in quasi-equilibrium and subsequent changes in the neutron dose with depth are well-approximated by neutron and photon KERMA.
Measured PDD and lateral profiles
The PDD and lateral profiles were measured in an IBA Blue Phantom 40 cm × 40 cm × 40 cm water tank using a model 17 ionization chamber (IC17) with 5 cm 3 min of tissue equivalent gas flowing through the chamber (Kalet et al 2013) . The spherical IC-17 has a sensitive volume of 1 cm 3 and a wall thickness of 5 mm (Shapiro et al 1975) . The radius of the active volume is 0.635 cm and the radius of the outer wall of this detector is 1.143 cm. The central copper electrode has a radius of 0.237 cm. The measured PDD curves are normalized to the measured dose at depth of 1.5 cm along the central axis of the beam (SSD = 150 cm, a small flattening filter for 2.8 cm × 2.8 cm and 10.4 cm × 10.3 cm fields and a large flattening filter for 28.8 cm × 28.8 cm field). The depth of 1.5 cm is smaller than the 1.7 cm depth of maximum dose for CNTS fast neutrons. The simulated PDDs are normalized to give the same measured (field-specific) PDD value at a depth of 5 cm. The measured and simulated lateral dose profiles were all normalized to the dose on the central axis (x = 0 or y = 0) at the depth of interest. Estimates of the tissue maximum ratio (TMR) are determined as a ratio of the (measured or simulated) dose at the gantry isocenter (150 cm from the top of the Be target). That is, TMR(d ) for a specific field is the dose at depth d (SSD = 150 cm − d ) divided by the dose at a depth 1.7 cm (SSD = 148.3 cm). The tally voxel for each simulation was placed on the central axis and was 1 cm × 0.1 cm (center of voxel was at isocenter). The TMR values were simulated for a 10.4 cm × 10.3 cm field for depths of 1.5 cm (SSD = 148.5), 1.7 cm (SSD = 148.3), 5 cm (SSD = 145), 10 cm (SSD = 140), and 20 cm (SSD = 130). The simulated (neutron + photon KERMA) TMR values were compared to measurements that were performed for a 10.3 cm × 10.3 cm field (small filter). The difference in TMR values for the 10.4 cm × 10.3 cm and 10.3 cm × 10.3 cm fields are negligible (<±0.001). Figure 3 shows a comparison of the measured (filled symbols) and simulated (lines) PDK and PDD curves for a 2.8 cm × 2.8 cm, 10.4 cm × 10.3 cm, and 28.8 cm × 28.8 cm fields, and table 3 summarizes the results of a gamma tests of the PDK profiles using several criteria (2% and 2 mm up to 5% and 5 mm). The left-hand panel of figure 3 compares the PDK from a total KERMA tally (F6:n,p tally) to the measured PDD, and the right-hand panel of figure 3 compares the PDD for an absorbed dose tally (+F6 tally) to the measured PDD. The oscillations with a depth in the absorbed dose (+F6) tally are a reflection of the larger standard error of the mean (SEM) of ~5%-36% compared to the ~0.1%-0.2% SEM for the neutron KERMA tally. The filled symbols in figure 3 shown in green pass the gamma test using the 3% and 3 mm criterion, and the points shown in red do not pass the gamma test (3% and 3 mm criterion). In the MCNP simulations, the dose was tallied in a 0.1 cm 3 rectangular volume element (voxel) centered about the central axis (CAX) of the beam. As illustrated in the lefthand panel of figure 3 , the PDK curve is in excellent agreement for fields equal to or smaller than 10.4 cm × 10.3 cm (depths 1.5 cm to 30 cm). KERMA is substantially larger than the dose in the buildup region below the nominal depth of maximum dose (~1.5 cm); the actual depth of maximum dose is 1.7 cm for the CNTS. This buildup in dose at shallow depths arises as charged particle equilibrium is established (Johns and Cunningham 1983, ICRP 2010) . As illustrated in the right-hand panel of figure 3, MCNP correctly mimics the buildup of dose when the transport of photons and secondary charged particles, especially protons, is included in the simulation. For the larger 28.8 cm × 28.8 cm field, the PDK is in good agreement for the most clinically relevant depths (⩽10-15 cm) for head and neck treatments and passes at a rate of 100% using a 4% and 4 mm criterion (table 3). The differences in the simulated and measured PDK evident for the 28.8 cm × 28.8 cm field are due to an increase in the relative numbers of low energy neutrons and photons scattering towards the central axis of the 28.8 cm × 28.8 cm compared to the smaller 2.8 cm × 2.8 cm and 10.4 cm × 10.3 cm fields. The differences in the large field PDK may be due to any one of a number of factors, including the energy-response of the IC17 chamber or to the scattering of photons or neutrons from parts of the treatment head not included in the current model on the CNTS. Figure 4 shows the contribution of neutrons and photons to the overall (total) KERMA. As illustrated in the right-hand panel of figure 4 , the photons contribute more to the total KERMA for large fields than for small fields. The photon KERMA also contributes more to the total for larger depths than for shallow depths. For the 2.8 cm × 2.8 cm field (small flattening filter), the photon contribution increases from about 2% at shallow depths (<1.5 cm) to about 4% at a depth of 30 cm. Photons contribute about ~3.5% of the total (10.4 cm × 10.3 cm field, small flattening filter) at shallow depths and increases with increasing depth up to a max of 6.6% at 30 cm. For a 28.8 cm × 28.83 cm field (large flattening filter), the photons contribute about 6% of the KERMA at a depth of 1.2 cm and upwards of 10% of the total KERMA at depths greater than of 15 cm. Figure 5 shows a comparison of measured (filled symbols) and simulated (lines) lateral profiles ( y-direction), and table 4 summarizes the results of the gamma tests of the lateral profiles for several criteria (2% and 2 mm up to 5% and 5 mm). Because of the excellent agreement of the measured and simulated PDK curves, the comparisons of the lateral profiles shown in figure 5 are based on neutron + photon KERMA (F6:n,p tally) rather than absorbed dose (+F6 tally) to improve the computational efficiency of the simulations by a factor of ~15. A voxel size of 0.2 cm 3 was used to record the lateral dose profiles in the MCNP simulations. At depths of 1.7 cm and 10 cm, the lateral profiles from the MCNP simulations are within 3% and 3 mm for all three field sizes within the field as well as in the penumbra region down to 10% of the central axis dose with the exception of a few data points. Two points near the edge of the 2.8 cm × 2.8 cm field (at a depth of 1.7 cm) did not pass the gamma test with the 3% and 3 mm criterion, most likely because the measurements in this small field are averaged over a ionization chamber detector volume that spans ±0.6 to 0.7 cm on either side of the effective point of measurement. Figure 6 shows a comparison of the neutron (left-hand panel) and photon (right-hand panel) energy fluence at selected depths along the central axis of a 10.4 cm × 10.3 cm field (small flattening filter, 150 cm SSD). Above a few keV, the differential neutron energy fluence increases with increasing energy up to about 41 MeV and then drops sharply towards zero as the neutron energy approaches the maximum possible energy of the protons incident on the Be target (refer to figure 1, top left-hand panel), i.e. 50.5 MeV. There is also a large neutron component between 0.01 eV to 1 eV from scattered neutrons. The differential photon energy fluence increases by a factor of 4 from about 0.1 MeV to 7 MeV and then drops sharply towards zero at higher and lower energies. Typically, the average neutron energy increases with increasing depth, while the average photon energy remains relatively constant. For example, the average neutron energy increases from 16.1 MeV at a depth of 1.7 cm to 19.9 MeV at a depth of 35 cm, and the average photon energy is 2.05 MeV at 1.7 cm and 2.08 MeV at 35 cm for a 10.4 cm × 10.3 cm field. The majority of the KERMA on the central axis is from neutrons, with 96.2% of the dose at a depth of 1.7 cm coming from neutrons and remaining from photons, with the vast majority of this dose being from high-energy neutrons. Neutrons with kinetic energies ⩾10 MeV deliver more than 80.9% of the dose at depths from 1.7 to 30 cm. It is interesting to note that the CNTS neutron beam has a very substantial low energy neutron trail regardless of the depth. Approximately 19.3% of the neutron fluence at a depth of 1.7 cm is from neutrons with kinetic energies less than 1 keV. At a depth of 20 cm, 30.0% of the neutron fluence is neutrons with kinetic energies less than 1 keV. At a depth of 20 cm, 30.0% of the neutron fluence is neutrons with kinetic energies less than 1 keV. Boron has a large (n, α) cross section for lower energy neutrons, and the existence of the low-energy neutron component of the CNTS neutron beams creates opportunities to further increase the effectiveness of neutron therapy, i.e. to enable BECT. For example, in vitro studies of V79 cell survival after irradiation by CNTS fast neutrons with ~50 µg g −1 of 10 B have confirmed that cell killing increases by about an order of magnitude compared to cell survival without 10 B . Although past clinical trials have shown that local tumor control can be achieved using non-conformal thermal or epithermal neutron beams (i.e. conventional boron neutron capture therapy (BNCT)), the normal-tissue radiation toxicity of conventional BNCT using compounds such as boronophenylalanine (BPA) and sodium borocaptate (BSH) is usually considered unacceptable (Laramore and Spence 1996a , Coderre et al 1997 , Barth et al 2012 . However, the MLCs now available on the CNTS are effective at conforming the neutron dose to the contours of a tumor target while limiting the dose to nearby normal tissues (e.g. the sharp field penumbra seen in figure 5) . A BECT approach , which lessens the need for the selective delivery of 10 B to diseased (tumor) rather than healthy tissue, has the potential to increase the effectiveness of fast neutron therapy for tumors resistant to MV x-ray beams, including possibly glioblastoma multiforme (Henriksson et al 2008 , Hirota et al 2014 , superficial melanoma lesions (Laramore et al 1996b) , osteosarcoma (Hsu et al 2011) , and unresectable salivary gland tumors (Laramore et al 1993) . Table 5 compares the measured and simulated TMR values for a 10.4 cm × 10.3 cm field (small flattening filter). The estimates of TMR from a neutron KERMA simulation are in satisfactory agreement (<6.3%) for depths up to 20 cm, as might be expected from the comparison of this field's measured and simulated PDK curves for the 10.4 cm × 10.3 cm field ( figure 3 and table 3 ). The simulated TMR estimates are based on 1.65 × 10 11 stage 1 histories and 1.32 × 10 12 stage 2 histories. For patient treatments, the CNTS is calibrated to deliver a measured dose of 1 cGy per MU at the depth of maximum dose (10.3 cm × 10.3 cm field, small filter, 145 cm SSD, TMR (5 cm) = 0.903). The integrated current during operation to achieve 1 MU is typically ~66 µA s (60 MU min Figure 7 shows trends in the average neutron energy (left-hand panel) and average meanfree-path (MFP) (right-hand panel) with depth along the central axis. For all three field sizes (2.8 cm × 2.8 cm, 10.4 cm × 10.3 cm, and 28.8 cm × 28.8 cm fields), the average neutron energy and the MFP initially decrease with increasing depth and then continue to increases in monotonic fashion. The initial decrease in average neutron energy is likely due to an increase in the number of lower energy (thermal and epithermal) neutrons from the scattering of neutrons with slightly higher energies. The subsequent increase in average neutron energy is due to beam hardening, i.e. preferential scattering (or absorption) of low-energy neutrons away from the central axis of the beam compared to higher energy neutrons. The average neutron energy and MFP of the small 2.8 cm × 2.8 cm field is substantially larger (E avg ~ 22-30 MeV and MFP 11-13 cm at depths from 5 to 35 cm) than the average energy and MFP of the larger 28.8 cm × 28.8 cm field (E avg ~ 10-12 MeV and MFP 5-6 cm at depths from 5 to 35 cm). As illustrated in figure 8 , the average neutron energy also varies with the lateral position and depth. The effects of beam hardening within the flattening filter are quite evident in the lateral neutron energy profiles. The average neutron energy of the beam increases towards the edge of the field because neutrons from the stage 1 simulation on the central axis have to pass through more iron than neutrons on the edges of the field (refer to figure 1 right-hand panel). In the penumbra of the field, the neutron energy rapidly decreases towards a minimum of about 3 to 4 MeV a few cm from the field edge. The rapid decrease in the average neutron energy in the penumbra is related to the preferential scattering of lower energy neutrons away from the central axis of the beam. Beyond about 10 cm from the field edge, the average neutron energy rises from 3-4 MeV up to 8 MeV. The average photon energy (~1.8 to 2 MeV) is about the same at depths of 1.7 cm and 10 cm and is relatively insensitive to lateral position, in the field and outside the field (±10 cm).
Results and discussion

Comparisons of measured and simulated relative dose profiles
Tissue maximum ratio (TMR) and characteristics of a nominal 10 cm × 10 cm calibration field
The changes in average neutron energy with depth and lateral position are also reflected in the average energy of secondary charged particles produced, largely, through (n, p) reactions with hydrogen and (n, α) with oxygen. At a depth of 1.7 cm (figure 7, left-hand panel), the average energy of the recoil protons is about 16 MeV in the field and slightly lower (~13 to 14 MeV) beyond the field edge. The oscillating behavior of the average proton energy is the result of very low fluence leading to large statistical error in the proton fluence beyond the field edge. At a depth of 10 cm, the average recoil proton energy decreases to about 15 MeV in-field and about 12 MeV beyond the field edge. Recoil α particles exhibit trends that parallel those of the recoil protons. Within the field, the average α particle energy is about 6.8 MeV. Out of field, the average α particle energy decreases to 3-4 MeV at a depth of 1.7 cm and 2-3 MeV at a depth of 10 cm. The spatial variations in neutron, proton, and α particle energy with depth and lateral position suggests that a computed dose-averaged relative biological effectiveness (RBE) of CNTS neutrons is likely to vary with depth and lateral position within and outside the treatment field. For the endpoint of DNA double strand break (DSB) induction, CNTS neutrons have an RBE of about 2.7 ± 0.1 (relative to 60 Co γ-rays) along the central axis of a 10 cm × 10 cm field at the depth of 1.5 cm (Stewart et al 2015) . For comparison, Monte Carlo simulations (Stewart et al 2011 (Stewart et al , 2015 indicate that a 15 MeV proton has an RBE for DSB induction of about 1.7 and increases to 1.9 for a 10 MeV proton; 6.5 and 3.0 MeV  particles have an RBE for DSB induction of 2.5 and 2.9, respectively. At the edges of the field and at larger depths where lower energy protons and α particles contribute more of the dose, the RBE for DSB induction may become as large as 3.41, i.e. asymptotic limit for very high LET charged particles (Stewart et al 2015) . The RBE for DSB induction parallels the trends in the RBE for reproductive cell survival (Stewart et al 2011 (Stewart et al , 2015 , chromosomal damage (Seth et al 2014) and the related endpoints (Van Dam 1983) . Spatial variations in the neutron energy and energy of the secondary charged particles may also be a source of some of the differences seen in the measured and simulated TMR values (table 5) and in the measured and simulated depth-dose and lateral profiles (figures 3 and 5). However, the comparisons of measured and simulated TMR and relative dose profiles presented in this work suggest that any differences in the energy response of the IC17 chamber with depth or lateral position are not likely to be greater than a few percent.
Summary and conclusions
This work develops a new MCNP model of the University of Washington CNTS treatment head and reports initial benchmarks of the model against ionization chamber measurements. Characteristics of neutron, photon, and secondary charged particles are presented for the representative (2.8 × 2.8, 10.4 × 10.3 and 28.8 cm × 28.8 cm) fields. Measured and simulated depth-dose and lateral profiles are in sufficient agreement (pass a gamma test using a 3% or 3 mm criterion) for the model to be useful as a quality assurance (QA) tool for second checks of patient plans generated using the Pinnacle treatment planning system (Kalet et al 2013) . The good agreement between the measured and simulated depth-dose profiles indicates that all of the critical elements of MCNP treatment head are modeled in sufficient detail to reproduce the dose characteristics of the CNTS beam, which suggests the neutron and photon energy spectra (e.g. figures 6-8) are an accurate representation of the CNTS beam. Also, the models of the flattening filter, primary collimator, and MLC suffice to capture fine details in the lateral profiles figure 5) that arise from the scattering and absorption of neutrons and photons within the treatment head.
Although CPU-intensive MCNP simulations of the absorbed dose (+F6 tally) are needed to accurately determine the absorbed dose in the buildup region (depths less than ~1.7 cm) of CNTS beams, we found that relative depth-dose and lateral profiles beyond the depth of maximum dose are well approximated by neutron and photon KERMA. For example, the TMR values based on neutron and photon KERMA are within 6.3% of the measured IC17 TMR values for depths from 1.5 to 20 cm (10.4 cm × 10.3 cm field size, small flattening filter, 145 cm SSD). The observation that relative depth-dose and lateral profiles (in-field) are well approximated by neutron KERMA is consistent with MCNP simulations indicating that the majority (> ~96%) of the dose in water is from neutrons rather than photons at a depth of 1.7 cm. The efficiency of useable neutrons (neutrons traveling towards patient), per proton incident on the Be target, is about 1.43% compared to about 0.72% for photons. The average energy and MFP of the neutron beam increases with decreasing field size, and increases with increasing depth. For a 2.8 cm × 2.8 cm field, the average neutron energy is about 21 MeV at a depth of 1.7 cm and increases to almost 30 MeV at a depth in water of 35 cm. For comparison, the average neutron energy of a 28.8 cm × 28.8 cm field, increases from a minimum of about 9 MeV at a depth of 7 cm to ~13 MeV at a depth of 35 cm. The average neutron energy also varies with lateral position within the field. Additional work is required to investigate the potential significance of spatial variations in CNTS beam characteristics on the energy-response of the ionization chambers used for absolute and relative dose measurements of the CNTS beam. Additional work to validate the MCNP model of CNTS against data for irregular-shaped (patient) fields, wedged and off-axis fields and to examine the effects on patient dosimetry of tissue heterogeneity (composition and density) is ongoing. A fully validated MCNP model of the CNTS will be a valuable tool to improve the safety and effectiveness of fast neutron therapy for the treatment of cancer. The CNTS model may also facilitate exploration of novel treatment approaches, such as IMNT and BECT at the UW.
Fast neutrons have a RBE similar to carbon ions, and the over three decades of clinical experience with fast neutrons at the UW are a valuable guide to high LET particle therapy (Engels and Wambersie 1998 , Wambersie et al 2004 , Laramore 2009 , Jones et al 2011 Stewart et al 2015 . From a patient and worker safety perspective, fast neutrons are also of concern in the treatment vaults for high energy (>15 MV) x-rays (d'Errico et al 1998, Reft et al 2006 , Roy and Sandison 2000 , Howell et al 2009 and in proton (Mesoloras et al 2006 , Athar et al 2009 , Howell and Burgett 2014 and carbon ion treatment facilities (Yonai et al 2010 , Tessa et al 2014 , Yonai et al 2013 , Farah et al 2015 . The reported studies provide new information on the physical and dosimetric characteristics of fast neutrons produced by 50.5 MeV protons incident on a Be target, and document in detail the physical and radiological characteristics of key components of the CNTS treatment head, including the primary collimator, MLC, and flattening filters. A CNTS model that fully characterizes the in and out-of-field beam characteristics is needed to more accurately model the energy response of neutron dosimeters and measurement devices and to examine the feasibility of advanced forms of neutron therapy , Laramore et al 1996b as well as neutron therapy in combination with MV x-rays or protons, i.e. multi-modal radiation therapy. Fast neutrons from the CNTS are also useful for testing the radiation hardness of electronic devices used in treatment vaults, research facilities, or in outer space. The reported CNTS model is capable of providing all of the information needed to examine the biological (Rasey and Nelson 1981 , Rasey et al 1990 , Seth et al 2014 and clinical responses of fast neutrons in comparison with other low and high LET radiations. The reported studies preserve and document the physical and dosimetric characteristics of a unique fast neutron facility that is of historical significance (Hall et al 1979 , Beauduin et al 1989 , Gueulette et al 1996 and remains an active and useful tool for fundamental research and for the development of novel cancer treatments.
